INTRODUCTION {#s1}
============

Pseudomonas aeruginosa is one of the most important pathogens involved in nosocomial infections, such as pneumonia, urinary tract infections, wound infections, and potentially life-threating bloodstream infections. In particular, intensive care and immunocompromised patients are at risk for the development of severe infections. Multidrug-resistant (MDR) strains are emerging, which makes the treatment of P. aeruginosa infections even more difficult. For this reason, WHO ranked carbapenem-resistant P. aeruginosa in the top class of its list of priority pathogens for which new antibiotics are urgently needed ([@B1]). For an increasing number of cases, colistin is the last treatment option, despite its neuro- and nephrotoxic side effects.

P. aeruginosa employs various intrinsic and acquired antibiotic resistance mechanisms. The high intrinsic resistance is mainly caused by the very low permeability of the outer membrane ([@B2]) and the inducible expression of efflux pumps and enzymes mediating resistance, like AmpC ([@B3]). *ampC* is expressed at a low level in wild-type (WT) strains, but its expression can be strongly increased in strains in which *ampC* is derepressed. Derepression of *ampC* is often caused by mutations in the transcriptional regulator AmpR in AmpD ([@B4], [@B5]) or in the *dacB* gene, encoding muropeptide amidase and penicillin-binding protein 4 (PBP4), respectively ([@B6]), leading to an increased pool of 1,6-anhydromuropeptides originating from the peptidoglycan (PG) recycling pathway ([@B7]). Moreover, *ampC* expression can be induced by β-lactam antibiotics and β-lactamase inhibitors, leading to resistance against most β-lactam antibiotics ([@B8]).

One strategy that may be used to reconsider the use of antibiotics that have become ineffective because of the development of resistance is inactivation of the primary resistance mechanism. Thus, the combination of β-lactam antibiotics and β-lactamase inhibitors, such as tazobactam, which block the activity of β-lactamases, makes it possible to reconsider the use of antibiotics such as piperacillin. However, such combinations often fail again to kill microbial pathogens because of β-lactamases which are resistant to the β-lactamase inhibitors ([@B9][@B10][@B11]). One upcoming strategy is to use a different class of antibiotic adjuvants. Such adjuvants would not inactivate a primary resistance mechanism but, rather, would act on a secondary resistance gene. Several examples for such a strategy have been described ([@B12][@B13][@B16]). In this study, we wanted to find out which proteins can serve as targets to resensitize MDR P. aeruginosa strains to treatment with β-lactam antibiotics.

To answer this question, we performed transposon (Tn)-directed insertion sequencing (TraDIS) using the clinical bloodstream isolate ID40, which is resistant to many β-lactam antibiotics, to assess the resistome of P. aeruginosa by an approach similar to that described by Jana et al. ([@B17]). TraDIS has been shown to be a valuable tool under particular conditions and in various approaches to find genes responsible for growth ([@B18][@B19][@B21]). We constructed a Tn mutant library in the MDR ID40 strain and subjected it to cefepime (FEP) or meropenem (MEM) treatment. TraDIS revealed nonessential candidate genes, including well-known genes as well as so far unknown genes, whose inactivation breaks the resistance against these antibiotics. Some candidates were verified by testing the respective deletion mutants for their antibiotic sensitivity, β-lactamase activity, and *ampC* expression. The presence of these genes seems to be crucial to achieve or maintain antibiotic resistance. These genes may comprise the most promising nonessential target genes for the development of novel antibiotic adjuvants to reconsider the use of β-lactam antibiotics for the treatment of infections caused by resistant strains of P. aeruginosa.

RESULTS {#s2}
=======

ID40 sequence and resistance profile. {#s2.1}
-------------------------------------

To determine the resistome of an MDR P. aeruginosa strain against β-lactam antibiotics, we used the bloodstream isolate ID40 ([@B22]). ID40 belongs to sequence type 252 (ST-252; determined by use of multilocus sequence typing \[MLST 2.0, Center for Genomic Epidemiology, DTU, Denmark\] \[[@B23]\]) and is resistant to piperacillin (PIP), piperacillin-tazobactam (TZP), cefepime (FEP), ceftazidime (CAZ), aztreonam (ATM), levofloxacin (LEV), ciprofloxacin (CIP), and imipenem (IMP). Moreover, ID40 is intermediate for meropenem (MEM) and sensitive to amikacin (AMI), gentamicin (GEN), tobramycin (TOB), and colistin (COL) (see Table S1 in the supplemental material). The whole genome and the plasmid sequence were annotated and submitted to the European Nucleotide Archive (ENA; <https://www.ebi.ac.uk/ena>; accession number [PRJEB32702](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB32702)).

The ID40 chromosome is 6.86 Mbp in size, encodes 6,409 open reading frames, and carries a plasmid of 57,446 bp comprising 59 putative genes. Resistance genes were searched for using the ResFinder tool ([@B24]), revealing the following resistance genes: *aph(3′)-IIb* (*neo*) for aminoglycoside resistance, *bla*~OXA-486~ (*bla*) and *oxa*~PAO1~ (*ampC*, PDC-3) for β-lactam resistance, *crpP* for fluoroquinolone resistance, and *fosA* (*fosA_1*) for fosfomycin resistance. Additionally, we found a point mutation in the *dacB* gene (PBP4; G to A at nucleotide 1310, G437D), which is known to be responsible for resistance against β-lactam antibiotics, as shown by an increased MIC for CAZ from 1 μg/ml to 32 μg/ml in P. aeruginosa PAO1 ([@B6]). Therefore, the mutation in *dacB* most likely rationalizes the different resistance level of ID40 in comparison to that of strain PA14, which contains the same resistance genes but is sensitive to all β-lactam antibiotics. Other resistance mechanisms, like the reduced expression of *oprD* and overexpression of efflux pumps, were not specifically addressed, but the possibility of their contribution to resistance cannot be finally excluded. Analysis of the OprD sequence and comparison to the literature did not provide any clear evidence that OprD of ID40 is dysfunctional ([@B25][@B26][@B28]).

Construction of a high-density mutant library and TraDIS sequencing. {#s2.2}
--------------------------------------------------------------------

Growth of the Tn library in lysogeny broth (LB) revealed approximately 100,000 unique Tn insertions distributed across the genome, with an average of 18 Tn insertion sites per 1 kbp of coding sequence. The homogeneous distribution of the Tn insertions and the homogeneous coverage of the whole genome are shown in Fig. S1.

Analysis of the unchallenged Tn library showed that of 6,468 genes, 697 genes were determined to be essential for viability (10.8%) (Data Set S1) and 9 were determined to be ambiguous (0.14%) (Data Set S2). Among these, many genes, for example, *dnaA*, *gyrB*, or *lolA*, were previously described to be essential ([@B29], [@B30]).

Identification of genes important for resistance against meropenem and cefepime. {#s2.3}
--------------------------------------------------------------------------------

The contribution of nonessential genes to antimicrobial resistance was measured by quantifying the depletion of Tn insertion mutants upon exposure to FEP and MEM at the respective breakpoint concentration, defining a P. aeruginosa strain to be sensitive according to EUCAST breakpoints (for FEP, 8 μg/ml; for MEM, 2 μg/ml). For analysis of the TraDIS results, we chose only genes in which the read number in the LB control was \>10 in all three independent experiments and which additionally showed a significant change in read counts upon treatment with an adjusted *P* value of \<0.05 (Data Set S3). Genes that showed a significant change in read counts in comparison to those for the untreated sample are visualized in [Fig. 1](#F1){ref-type="fig"}. In total, 140 genes fulfilled these criteria upon MEM treatment and 102 genes fulfilled these criteria upon FEP treatment.

![Resistome of the MDR strain ID40 determined by TraDIS. The bacteria comprising the ID40 Tn library were grown in LB with or without 2 μg/ml MEM (A) or 8 μg/ml FEP (B) in 3 independent experiments, and then the DNA of the surviving bacteria was used for sequencing of the Tn-genome junctions. The fold change in expression and adjusted *P* value for samples grown in antibiotics in comparison to those for samples grown in LB were calculated with DESeq2 software for all annotated genes. All genes with read counts significantly different (adjusted *P* value, \<0.05) from those for the LB control are colored in red.](AAC.01771-19-f0001){#F1}

Nonessential genes in which the read counts for Tn insertion were reduced at least 5-fold with a high level of significance (adjusted *P* value \< 0.05) are listed in [Table 1](#T1){ref-type="table"}. In total, 24 such genes were identified. Thirteen of those genes fulfilled these criteria for both MEM and FEP, 5 fulfilled these criteria only for MEM, and 6 fulfilled these criteria only for FEP. Most genes were found to be involved in PG synthesis and recycling. The most interesting genes identified in this screening were those which showed a significant reduction in read counts after both MEM and FEP treatment. All TraDIS sequence data were uploaded to ENA (accession number [PRJEB32702](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB32702)).

###### 

Meropenem and cefepime resistome in P. aeruginosa ID40[^*a*^](#T1F1){ref-type="table-fn"}

  Category                                                                             Identifier      Gene                 Name/function                                                                                                              MEM vs LB   FEP vs LB   Orthologue(s)                
  ------------------------------------------------------------------------------------ --------------- -------------------- -------------------------------------------------------------------------------------------------------------------------- ----------- ----------- --------------- ------------ --------------------
  Genes with an adjusted *P* value of \<0.05 and a ≥5-fold reduction for MEM and FEP                                                                                                                                                                                                                        
      Resistance                                                                       TUEID40_04486   *ampC*               β-Lactamase                                                                                                                0.07        0.00052     0.05            3.87E−5      PA14_10790, PA4110
      PG synthesis/recycling                                                           TUEID40_05675   *slt*                Soluble lytic transglycosylase                                                                                             0.02        5.08E−12    0.03            3.61E−10     PA14_25000, PA3020
                                                                                       TUEID40_05736   *mltG*               Endolytic murein transglycosylase                                                                                          0.02        1.32E−33    0.03            1.77E−41     PA14_25730, PA2963
                                                                                       TUEID40_04290   *mepM1*              Murein [dd]{.smallcaps}-endopeptidase                                                                                      0.05        1.01E−07    0.07            2.29E−06     PA14_08540, PA0667
                                                                                       TUEID40_02325   *ftsW*               Synthesis of septal peptidoglycan during cell division                                                                     0.11        2.76E−05    0.20            0.0019       PA14_57360, PA4413
                                                                                       TUEID40_02305   *ampG*               Permease                                                                                                                   0.02        7.00E−24    0.03            1.01E−22     PA14_57100, PA4393
                                                                                       TUEID40_05690   *nagZ*               β-*N*-Acetyl-[d]{.smallcaps}-glucosaminidase                                                                               0.07        1.56E−05    0.04            6.23E−06     PA14_25195, PA3005
                                                                                       TUEID40_04289   *anmK*               Anhydro-*N*-acetylmuramic acid kinase                                                                                      0.12        4.938E−10   0.20            1.62E−06     PA14_08520, PA0666
                                                                                       TUEID40_04233   *amgK*               *N*-Acetylmuramate/*N*-acetylglucosamine kinase                                                                            0.08        3.05E−06    0.17            0.0085       PA14_07780, PA0596
                                                                                       TUEID40_04234   *hddC* or *murU*     Similar to *N*-acetylmuramate alpha-1-phosphate uridylyltransferase MurU of Pseudomonas putida                             0.07        5.10E−05    0.15            0.0001       PA14_07790, PA0597
      LPS                                                                              TUEID40_05537   *wbpE*               UDP-2-acetamido-2-deoxy-3-oxo-[d]{.smallcaps}-glucuronate aminotransferase                                                 0.10        1.58E−03    0.135           6.43E−03     PA3155
      Unknown                                                                          TUEID40_03245   *ygfB*               YgfB-like proteins, unknown                                                                                                0.06        2.35E−19    0.06            5.56E^−^20   PA14_69010, PA5225
                                                                                       TUEID40_05543   *tuaC*               Glycosyltransferase family 1                                                                                               0.02        1.35E−09    0.02            7.79E−10     
  Genes with an adjusted *P* value of \<0.05 and a ≥5-fold reduction only for MEM                                                                                                                                                                                                                           
      PG synthesis/recycling                                                           TUEID40_04881   *mepM2*              Murein [dd]{.smallcaps}-endopeptidase MepM, unknown function                                                               0.14        3.60E−12    0.37            0.002        PA14_15100, PA3787
      Type IV pili assembly                                                            TUEID40_03621   *tsaP*               Type IV pilus secretin-associated protein; anchors the outer membrane type IV pili secretin complex to the peptidoglycan   0.02        1.02E−28    0.31            3.61E−10     PA14_00210, PA0020
      β-Barrel assembly                                                                TUEID40_01638   *bepA* or *ygfC_1*   β-Barrel assembly enhancing protease                                                                                       0.12        2.17E−07    0.24            1.20E−06     PA14_51320, PA1005
      Unknown                                                                          TUEID40_03216                        Putative zinc protease                                                                                                     0.14        6.06E−05    0.21            0.001        PA14_68640, PA5196
                                                                                       TUEID40_05674                        Uncharacterized conserved protein YecT, DUF1311 family                                                                     0.19        9.84E−05    0.74            1.0          PA14_24990, PA3021
  Genes with an adjusted *P* value of \<0.05 and a ≥5-fold reduction only for FEP                                                                                                                                                                                                                           
      PG synthesis/recycling                                                           TUEID40_05519   *gph_2* or *mupP*    *N*-Acetylmuramic acid 6-phosphate phosphatase MupP                                                                        0.27        0.14        0.185           4.12E−02     PA14_23210, PA3172
                                                                                       TUEID40_03006   *mrcA*               Penicillin-binding protein 1                                                                                               0.73        0.40        0.05            3.15E−12     PA14_66670, PA5045
                                                                                       TUEID40_02335   *lpoA*               Penicillin-binding protein activator                                                                                       1.03        1           0.20            6.87E−16     PA14_57480, PA4423
      Cell division                                                                    TUEID40_03247   *zapA*               Cell division protein ZapA                                                                                                 0.39        0.00017     0.17            1.00E−07     PA14_69030, PA5227
      Porin                                                                            TUEID40_00776   *oprF*               Outer membrane protein F                                                                                                   0,22        0.036       0.20            0.03         PA14_41570, PA1777
      Unknown                                                                          TUEID40_01298                        Uncharacterized putative membrane-bound pyrroloquinoline quinone-dependent dehydrogenase                                   0.45        0.0018      0.16            1.80E−08     PA14_47350, PA1305

![](AAC.01771-19-t0001)

Data are for genes for which insertion sequence abundance was significantly reduced (\>5-fold; adjusted *P* value, \<0.05) upon exposure to 2 μg/ml MEM or 8 μg/ml FEP. Differences in insertion sequence abundance are expressed as the mean of the ratio of the normalized sequence read numbers of antibiotic-treated culture in relation to the normalized sequence read numbers of the LB control culture of the Tn library. In total, three independent experiments were performed.

We found several genes dedicated to PG recycling metabolism, such as *ampG* and *nagZ*, known to be important for resistance against β-lactam antibiotics ([@B31][@B32][@B36]). In addition, the efflux pump genes *mexA* and *mexB* (Data Set S3) as well as the porin OprF were also identified in our screen and have been described to be involved in antibiotic resistance ([@B37]) ([Table 1](#T1){ref-type="table"}). This finding points out that our approach can identify nonessential genes involved in antibiotic resistance.

A pathway that connects cell wall recycling to PG *de novo* biosynthesis is responsible for the intrinsic resistance of P. aeruginosa to fosfomycin, inhibiting the synthesis of PG by blocking the formation of *N*-acetylmuramic acid (MurNAc) ([@B38][@B39][@B41]). This cell wall salvage pathway comprises anhydro-MurNAc kinase (AnmK), an anomeric cell wall amino sugar kinase (AmgK), MurNAc-6-phosphatase (MupP), and an uridylyltransferase (MurU), together converting 1,6-anhydro-*N*-acetylmuramic acid (AnhMurNAc) to UDP-MurNAc, thereby bypassing the fosfomycin-sensitive *de novo* synthesis of UDP-MurNAc. We identified the genes for all four of these enzymes ([Table 1](#T1){ref-type="table"}) and conclude that the anabolic recycling pathway may play a critical role in maintaining resistance against β-lactam antibiotics, at least in strains with high levels of β-lactamase activity.

Moreover, genes encoding the lytic transglycosylases (LTs) Slt and MltG were found to be associated with resistance upon treatment with MEM and FEP ([Table 1](#T1){ref-type="table"}). The loss of Slt was shown to reduce resistance against β-lactam antibiotics in PAO1 ([@B42]). MltG was described as one of several LTs to be inhibited by bulgecin, a sulfonated glycopeptide originally isolated from P. acidophila and P. mesoacidophila, resulting in slightly reduced MICs of CAZ and MEM ([@B16]).

MepM1 (YebA, PA0667) belongs to a group of murein endopeptidases (EPs) which putatively modulate PG cross-linking ([@B43]). A study revealed that the protease CtpA (PA5134) inactivates various EPs, namely, those encoded by PA0667 (TUEID40_04290 or *mepM1*), PA4404 (TUEID40_02316), PA1198 (TUEID40_01415), and PA1199 (TUEID40_01414), and thereby controls the level of PG cross-linking ([@B43]). TUEID40_01415 also showed reduced read counts upon treatment with MEM and/or FEP, but to a much lesser extent than MepM1 did (Data Set S3). In addition, the EP MepM2, which is not regulated by CtpA, at least in the P. aeruginosa PAK strain ([@B43]), also seems to be involved in maintaining antibiotic resistance ([Table 1](#T1){ref-type="table"}).

Furthermore, we identified two so far unknown or uncharacterized candidate genes putatively involved in antibiotic resistance against both MEM and FEP: TUEID40_05543 (*tuaC*) belongs to the glycosyltransferase 1 family, and TUEID40_03245 encodes a YgfB-like protein with a so far unknown function which is referred to here as YgfB.

Confirmation of selected genes involved in antimicrobial resistance. {#s2.4}
--------------------------------------------------------------------

To validate our TraDIS results, deletion mutants for *mltG*, *mepM1*, *amgK*, *ygfB*, *tuaC*, and *ctpA*, as well as a *ctpA mepM1* double mutant, were tested for their sensitivity against β-lactam antibiotics. Broth microdilution assays indicated that the deletion of *mltG*, *mepM1*, *ygfB*, and *amgK* reduced the MIC values for all tested β-lactam antibiotics ([Table 2](#T2){ref-type="table"}) except for IMP (Δ*mepM1* mutant) and MEM (Δ*mepM1* and Δ*amgK* mutants), while deletion of *tuaC* resulted in only a slight reduction in the MIC for TZP. The MIC values were reduced below the breakpoint for FEP and ATM in the Δ*mltG*, Δ*mepM1*, Δ*ygfB*, and Δ*amgK* mutants and for CAZ in the Δ*mltG* and Δ*amgK* mutants. Additionally, the Δ*mltG* mutant showed MICs below the breakpoint for PIP, TZP, and IMP. These data confirm the validity of the TraDIS screen and demonstrate the contribution of these genes to resistance against β-lactam antibiotics in the ID40 strain.

###### 

Susceptibility of ID40 WT and deletion mutants to β-lactam antibiotics[^*a*^](#T2F1){ref-type="table-fn"}

  Antibiotic   MIC (mg/liter)                                                                                                          
  ------------ ---------------- ---- ----- ---------------- --------------- --------- -------- --------------- -------------- -------- ---------
  MEM          2                8    8     **4**            8               *16*      *16*     **4**           8              8        \<0.125
  IMP          4                4    32    **[4]{.ul}**     32              32        32       **8**           **8**          32       \<1
  FEP          8                8    16    **[4]{.ul}**     **[4]{.ul}**    *32*      *32*     **[8]{.ul}**    **[8]{.ul}**   16       \<1
  CAZ          8                8    32    **[2]{.ul}**     **16**          32        32       **16**          **[8]{.ul}**   32       \<1
  PIP          16               16   128   \<**[4]{.ul}**   **64**          *\>128*   128      **32**          **32**         128      \<4
  TZP          16               16   128   **[4]{.ul}**     **32**          128       128      **32**          **32**         **64**   4
  ATM          16               16   32    **[2]{.ul}**     **[16]{.ul}**   *\>32*    32       **[16]{.ul}**   **[8]{.ul}**   *\>32*   8
  FOS                                96    96               96              96        **64**   *128*           **48**         96       48

![](AAC.01771-19-t0002)

MICs of ID40 WT and deletion mutant strains were determined by broth microdilution or by Etest for fosfomycin. Susceptible was an MIC less than or equal to the breakpoint, and resistance was an MIC greater than the breakpoint. MIC values for the deletion mutants lower than the MIC for the ID40 WT are in bold, and MICs below the MIC breakpoint are in bold and underlined. MIC values higher than the MIC for the ID40 WT are in italics. MEM, meropenem; IMP, imipenem; FEP, cefepime; CAZ, ceftazidime; PIP, piperacillin; TZP, piperacillin-tazobactam; ATM, aztreonam; FOS, fosfomycin.

Deletion of *ctpA* increased the MIC values for MEM, FEP, PIP, and ATM. Thus, we hypothesize that the increased activity of MepM1 and other CtpA substrates leads to increased resistance. The MIC values of PIP and ATM for the Δ*ctpA* Δ*mepM1* double mutant were lower than those for the Δ*ctpA* mutant but higher than those for the Δ*mepM1* deletion mutant, indicating that the other substrates of CtpA might also contribute to resistance against β-lactam antibiotics and compensate for the loss of MepM1 without the inactivation of CtpA. According to the TraDIS data, the most promising CtpA-regulated substrates which may, in combination with MepM1, contribute to β-lactam resistance are TUEID40_02316 and TUEID40_01415 (Data Set S3). Furthermore, it could be confirmed that the deletion of *amgK* resulted in reduced resistance against fosfomycin ([Table 2](#T2){ref-type="table"} and Table S1), as previously described ([@B39]).

For complementation, conditional mutants (the Δ*mltG*::*mltG*, Δ*mepM1*::*mepM1*, Δ*ctpA*::*ctpA*, and Δ*ygfB*::*ygfB* mutants) in which the complemented genes were under the control of a rhamnose-inducible promoter were generated. Complementation could be achieved in the presence of 0.1% rhamnose (Table S1).

MltG, MepM1, AmgK, and YgfB contribute to β-lactam resistance in ID40 by promoting *ampC* expression. {#s2.5}
-----------------------------------------------------------------------------------------------------

To assess in more detail the reason why the mutants show restored susceptibility to β-lactam antibiotics, we measured the β-lactamase activity of ID40, the different deletion mutants, as well as the laboratory strain PA14, which is sensitive to all tested antibiotics ([Table 2](#T2){ref-type="table"}). As determined by a nitrocefin-based assay, β-lactamase activity was strongly reduced in the Δ*mltG*, Δ*mepM1*, Δ*ygfB*, and Δ*amgK* mutants, with the most profound reduction being seen in the Δ*mltG* mutant, showing β-lactamase activity almost as low as that of the PA14 strain ([Fig. 2A](#F2){ref-type="fig"}) and being sensitive to all β-lactam antibiotics tested (Table S1). The β-lactamase activity corresponded directly to the MIC values for the different mutants. Similarly, higher β-lactamase activity was found in the hyperresistant Δ*ctpA* mutant. Therefore, the changes in MICs for the mutants from those for the ID40 wild type are presumably caused by altered β-lactamase activity. No significant change in β-lactamase activity was found between the Δ*ctpA* Δ*mepM1* mutant and the Δ*ctpA* mutant, indicating that the uncontrolled levels of other CtpA substrates can compensate for the lack of MepM1.

![β-Lactamase activity and *ampC* expression in selected deletion mutants. WT and deletion mutant strains were subcultured, and β-lactamase activity was measured by a nitrocefin turnover assay (A) or expression of the *ampC* β-lactamase gene was determined by qRT-PCR (B) in at least 3 independent experiments. Graphs depict the means and SDs. Student\'s *t* test was performed for determination of the difference in the results for each mutant strain in comparison to those for the WT. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001.](AAC.01771-19-f0002){#F2}

The ID40 genome encodes two β-lactamases (*ampC* and *bla*~OXA-486~ \[*bla* or *poxB*\]). For PoxB, it has been shown that it does not contribute to β-lactam resistance ([@B44]). We quantified the expression level of *ampC* to investigate whether the lower β-lactamase activity is due to reduced *ampC* expression. Semiquantitative reverse transcription-PCR revealed that the deletion of *mltG*, *mepM1*, *amgK*, or *ygfB* significantly decreased *ampC* mRNA expression ([Fig. 2B](#F2){ref-type="fig"}). Deletion of *ctpA*, presumably resulting in a higher level of MepM1 and its other substrates, caused an increase in *ampC* expression. The expression level of *ampC* in the different mutants was in agreement with the levels of β-lactamase activity and the MICs of β-lactam antibiotics that we measured. These results indicate that the different levels of resistance of the ID40 mutants are due to different levels of *ampC* expression.

DISCUSSION {#s3}
==========

Here, we report the first application, to our knowledge, of TraDIS to an MDR Pseudomonas aeruginosa strain and the evaluation of its nonessential resistome upon exposure to two clinically relevant β-lactam antibiotics. The identified genes might represent targets that could be exploited to resensitize resistant strains so that infections caused by these strains may be treated with β-lactam antibiotics.

Many of the genes important for high-level β-lactam resistance found in the TraDIS approach are part of the PG recycling pathway of P. aeruginosa ([@B45]), showing its critical role for β-lactam resistance in ID40 ([@B46]). A simplified scheme of the PG recycling and synthesis pathway of P. aeruginosa and the genes identified by the TraDIS approach as well as genes described to modulate resistance against β-lactam antibiotics is summarized in [Fig. 3](#F3){ref-type="fig"}.

![Simplified scheme of PG recycling and synthesis pathway of P. aeruginosa and illustration of the proteins identified by TraDIS. The bacterial murein matrix is formed by chains of the two alternating amino sugars MurNAc (M) and GlcNAc (G), which are linked by β(1→4) glycosidic bonds. Attached to the MurNAc residues is a pentapeptide side chain which typically is composed of [l]{.smallcaps}-alanine--γ-[d]{.smallcaps}-glutamate--*meso*-diaminopimelic acid--[d]{.smallcaps}-alanyl-[d]{.smallcaps}-alanine ([l]{.smallcaps}-Ala--γ-[d]{.smallcaps}-Glu--*m*-DAP--[d]{.smallcaps}-Ala-[d]{.smallcaps}-Ala). Cross-links between adjacent glycans are mainly built by connecting the *meso*-diaminopimelic acid of one chain with the [d]{.smallcaps}-Ala of the other chain. PG synthesis starts in the cytoplasm, where fructose-6-phosphate is converted in several steps by GlmS, GlmM, and GlmU to UDP-GlcNAc. UDP-GlcNAc is further converted to UDP-MurNAc by Mur enzymes A and B, and subsequently, a peptide chain is added by Mur ligases C, D, E, and F to form UDP-MurNAc-pentapeptide. An alternative route to generate UDP-MurNAc-pentapeptide starts with the transfer of GlcNAc-1,6-anhMurNAc-peptides (muropeptides) along with GlcNAc-anhMurNAc into the cytoplasm by the permease AmpG. Some muropeptides (however, not GlcNAc-1,6-anhMurNAc-peptides) or free peptides may also be transported through AmpP, but its function in cell wall recycling has not been elucidated so far. The imported muropeptides are subsequently degraded by NagZ, [l,d]{.smallcaps}-carboxypeptidase LdcA, and AmpD, producing [d]{.smallcaps}-Ala, GlcNAc, [l]{.smallcaps}-Ala--iso-[d]{.smallcaps}-glutamate--*meso*-diaminopimelic acid tripeptide, and 1,6-anhMurNAc. AnmK then catalyzes the phosphorylation of 1,6-anhMurNAc, generating MurNAc-6P, which is further processed by MupP and the sugar kinase AmgK to MurNAc-α-1P. The uridylyltransferase MurU then converts the latter to UDP-MurNAc, following the formation of UDP-MurNAc-pentapeptide. The phospho-MurNAc-pentapeptide moiety is then transferred by the cytosolic translocase MraY to the lipid carrier undecaprenol phosphate (Und-P) to generate lipid I, which is subsequently catalyzed by MurG to lipid II by adding GlcNAc to it. Lipid II is then flipped into the periplasm (likely by the putative flippase MurJ), where GlcNAc-MurNAc-peptides are integrated into the growing PG by high-molecular-mass penicillin-binding proteins; glycosyltransferases (GTFs), such as FtsW and RodA; transpeptidases (TPs); and [dd]{.smallcaps}-carboxypeptidases (CPs). Low-molecular-mass penicillin-binding proteins, endopeptidases (EPs; such as MepM1), lytic transglycosylases (such as MltG and Slt), and amidases (such as AmpDh2 and AmpDh3) finally cleave the existing PG layer to facilitate the insertion of new glycan strands and simultaneously to release the PG degradation products from the matrix into the cytoplasm. Under normal conditions, the PG precursor UDP-MurNAc-pentapeptide binds to AmpR, causing the repression of *ampC* transcription. In the case of β-lactam treatment, the turnover of the muropeptides is increased (by blockage of PG cross-links), resulting in the accumulation of 1,6-anhMurNAc-pentapeptide in the cytoplasm. The 1,6-anhMurNAc-muropeptides are able to displace UDP-MurNAc-pentapeptides from AmpR, causing the derepression and, hence, activation of *ampC* transcription. YgfB also modulates *ampC* expression, contributing finally to β-lactam resistance, but its specific role in mediating antibiotic resistance remains to be investigated. The proteins found via TraDIS are highlighted with a circle in red for proteins mediating repression of *ampC* expression and with a circle in green for proteins mediating derepression of *ampC* expression. The putative FtsW protein (so far not verified in P. aeruginosa) and the unknown mechanism of YgfB are labeled with interrupted lines. OM, outer membrane; P, periplasm; IM, inner membrane; C, cytoplasm; PG, peptidoglycan; CPs, [dd]{.smallcaps}-carboxypeptidases; GTFs, glycosyltransferases; EPs, endopeptidases; LTs, lytic transglycosylases; \*, AmgK, MupP, and MurU cell wall recycling enzymes found in P. aeruginosa but not in enterobacteria, such as E. coli ([@B38], [@B40], [@B41]).](AAC.01771-19-f0003){#F3}

Players in the periplasm. {#s3.1}
-------------------------

The precursors of the PG catabolites contributing to the transcriptional regulation of *ampC* are generated in the periplasm. LTs (such as MltG and Slt), together with low-molecular-mass penicillin-binding proteins, EPs (such as MepM1), and amidases (such as AmpDh2 and 3), cleave the PG layer to facilitate the insertion of new glycan strands and simultaneously release PG degradation products from the matrix into the cytoplasm ([@B45]).

Upon treatment with antibiotics, the strongest impact on LTs in the screening was found for *mltG* and *slt*. In addition, and in agreement with the findings of previous studies ([@B16], [@B42], [@B47]), we also found that the LTs *mltF* and *mltD* maintain resistance, but to a lesser extent than *slt* and *mltG* (see Data Set S3 in the supplemental material). On the other hand, *sltB* and *sltH* seem to counteract resistance (Data Set S3). The recently described MltG may act as a terminase and determine PG chain length ([@B48]). Deletion of *mltG* in ID40 significantly reduced *ampC* expression and, consequently, β-lactamase activity and broke resistance against IMP, FEP, CAZ, PIP, TZP, and ATM. These findings confirm the validity of our study and underline the importance of MltG for the induction of *ampC* expression in ID40. As previously demonstrated, MltG, Slt, and MltD are targets of the LT inhibitor bulgecin, reducing the MIC against β-lactam antibiotics ([@B16]). According to our data, LTs represent one of the most promising targets for resensitization to treatment with β-lactam antibiotics.

EPs may also contribute to the induction of *ampC* expression. As demonstrated previously, the protease CtpA inactivates and thereby determines the levels of four EPs that control PG cross-linking ([@B43]). Of this group, *mepM1* showed the highest reduction of Tn insertion read counts when treatment with antibiotics and the control were compared, while Tn insertions in PA1198 (TUEID40_01415) had a minor impact on growth in the presence of MEM. In addition, *mepM2* (TUEID40_04881), a further EP which is not regulated by CtpA in strain PAK ([@B43]), also seems to contribute to resistance against β-lactam antibiotics. While deletion of *mepM1* leads to reduced MIC values of β-lactam antibiotics, deletion of *ctpA* leads to hyperresistance, probably by deregulating the levels of its substrates. The role of deleted or nonfunctional CtpA in mediating hyperresistance is further supported by the findings of a study by Sanz-García et al., who showed that upon ceftazidime-avibactam treatment, mutations in the *ctpA* gene emerge and that these lead to resistance ([@B49]). Additional deletion of *mepM1* in the *ctpA* mutant reduces MIC values compared to those for the Δ*ctpA* mutant for PIP and ATM but results in still higher MIC values compared to those for the *mepM1* deletion mutant, indicating that other CtpA-dependent EPs also contribute to the upregulation of *ampC* expression. These data suggest that the high level of activity of MepM1 promotes increased *ampC* expression. Thus, inhibition of several of these EPs could be a possible way to break antibiotic resistance.

Players in the cytoplasm. {#s3.2}
-------------------------

After PG catabolites have been formed in the periplasm, they are transported into the cytoplasm by the permease AmpG and partly by AmpP ([@B50]). In the following process, the 1,6-anh-MurNAc-peptides are degraded by LdcA, NagZ, and AmpD. The amidase AmpD cleaves the peptide chain attached to 1,6-anhMurNAc so that the generated 1,6-anhMurNAc can subsequently be recycled to UDP-MurNAc by the so-called cell wall salvage pathway via AnmK, MupP, AmgK, and MurU, which bypasses the *de novo* biosynthesis of UDP-MurNAc ([@B38], [@B39]). Finally, UDP-MurNAc is modified by the Mur enzymes to form UDP-MurNAc-pentapeptide ([@B45]). Both 1,6-anhMurNAc-peptides and UDP-MurNAc-pentapeptide can bind to the *ampC* regulator AmpR. Thereby, 1,6-anhMurNAc-peptides induce *ampC* expression, while UDP-MurNAc-pentapeptide bound to AmpR represses *ampC* expression.

As observed in our TraDIS data and as also shown previously, the loss of AmpG or NagZ results in decreased amounts of 1,6-anhMurNAc-peptides and hence results in increased susceptibility to β-lactam antibiotics ([@B32], [@B47]). On the other hand, the loss of AmpD leads to the accumulation of 1,6-anhMurNAc-peptides and, therefore, increased *ampC* expression ([@B51]) and is a frequent cause of high levels of *ampC* expression in clinical isolates of P. aeruginosa ([@B52], [@B53]).

Players of the cell wall salvage pathway. {#s3.3}
-----------------------------------------

The individual deletion of each of the 4 genes (*anmK*, *mupP*, *amgK*, and *murU*) of the cell wall salvage pathway in PAO1 has been shown to lead to increased β-lactamase activity and a subtle increase in the levels of resistance against cefotaxime and CAZ ([@B41]). Although this effect cannot be explained so far, it was proposed that it might be due to the reduction of the steady-state level of the *ampC* repressor UDP-MurNAc-pentapeptide. Consequently, 1,6-anhMurNAc-peptides would be more likely to bind to AmpR and thereby induce *ampC* expression ([@B41]). In contrast, another study showed that the deletion of *amgK* also in P. aeruginosa PAO1 had no impact on CAZ or IMP resistance ([@B39]), which could be confirmed in our study for all β-lactam antibiotics tested (Table S1). Interestingly, in our study we observed that Tn insertions in all genes of the MurU pathway reduced the level of β-lactam resistance. Validation of the screening results using an *amgK* deletion mutant confirmed these results. This finding is indeed counterintuitive, and more detailed explorations are necessary to clarify this issue. Presumably, the anabolic recycling pathway somehow counteracts the derepression of *ampC* in the *dacB* background of ID40.

Uncharacterized players. {#s3.4}
------------------------

Additionally, we identified several uncharacterized genes in the TraDIS screening whose results are presented here. Since deletion of the gene *tuaC* showed only a slight reduction in the MICs against some β-lactam antibiotics, we focused on TUEID40_03245, which we termed *ygfB* due to its similarity to the homologous gene in Escherichia coli. Deletion of *ygfB* resulted in decreased *ampC* expression and β-lactamase activity and broke resistance against FEP and ATM in ID40. To our best knowledge, this gene has so far not been described in the context of antibiotic resistance. *ygfB* is located in an operon together with the *pepP*, *ubiH*, a PA14_68970 orthologue, and *ubiI. ubiI* and *ubiH* are essential genes important for ubiquinone biosynthesis. Similar operon structures are found also in E. coli, Acinetobacter baumannii, and Legionella pneumophila. P. aeruginosa YgfB shares 33% identical amino acids with E. coli and A. baumannii YgfB and 32% with L. pneumophila YgfB. Interestingly, the aminopeptidase gene *pepP*, which exists in a region adjacent to *ygfB*, was also identified in the TraDIS screening, but Tn insertion read counts indicate that a lack of *pepP* might contribute to hyperresistance.

Moreover, experiments with PAO1 Tn mutants suggested that P. aeruginosa YgfB may contribute to virulence in a Caenorhabditis elegans infection model ([@B54]). In addition, a TraDIS experiment suggested that the *ygfB* orthologue PA14_69010 may play a role in effective colonization in the cecum of mice ([@B55]). Thus, the possible role in virulence as well as the ability to modulate antibiotic resistance could mean that this gene is of interest as a target for the development of antibiotic adjuvants which might additionally reduce virulence. In further studies, we will address the function of YgfB and its specific role in mediating antibiotic resistance.

In conclusion, using TraDIS we identified a set of nonessential genes which are crucial for the induction of *ampC* expression and β-lactam resistance. As shown in a recent study, overexpression of *ampC* is the most frequent cause for the development of resistance in strains capable of expressing *ampC*, as shown by the acquisition of mutations in *dacB*, *ampD*, and *mpl* after exposure of the P. aeruginosa PAO1 WT to increasing concentrations of ceftazidime ([@B56]). However, there are additional mechanisms for the development of resistance against β-lactam antibiotics which gain more importance when *ampC* expression is hindered. Mutations in *ftsI* leading to a modification of PBP3 (the target of β-lactam antibiotics), mutations, or overexpression of the efflux pump MexAB-OprM, as well as large chromosomal deletions, led to resistance against ceftazidime, albeit to a lower level than β-lactamase-dependent resistance ([@B56]). This aspect will have to be considered for the development of adjuvants leading to the decreased expression of *ampC*.

Nevertheless, the genes identified in our study provide promising candidates as targets for the development of novel adjuvants to restore the function of β-lactam antibiotics in MDR P. aeruginosa strains with high levels of AmpC activity.

MATERIALS AND METHODS {#s4}
=====================

Bacterial strains and culture conditions. {#s4.1}
-----------------------------------------

The bacterial strains and plasmids used in this study are listed in Table S2 in the supplemental material. Bacteria were cultivated overnight at 37°C with shaking at 200 rpm in lysogeny broth (LB) containing suitable antibiotics, if necessary. Overnight cultures were diluted 1:20 into LB containing suitable antibiotics or additives, like [l]{.smallcaps}-rhamnose, and grown for 3 h at 37°C and 200 rpm. The growth of bacteria in LB at 37°C in a 24-well plate was measured using a Tecan Infinite 200 Pro plate reader.

Whole-genome sequencing of the ID40 isolate. {#s4.2}
--------------------------------------------

DNA isolation, library preparation, and Illumina sequencing of the ID40 strain have been described by Willmann et al. ([@B22]).

For Nanopore sequencing, the DNA was isolated using a DNeasy UltraClean microbial kit (Qiagen). Library preparation was conducted using a ligation sequencing kit (Oxford Nanopore Technologies). Sequencing was performed on a PromethION sequencer (Oxford Nanopore Technologies) on a FLO-PRO002 flow cell (version R9).

The ID40 genome was assembled using a hybrid assembly approach that combines the Nanopore long reads with exact Illumina short reads. We used the hybrid assembly pipeline pathoLogic ([@B57]) with default settings and selected Unicycler ([@B58]) as the main assembly algorithm. Further manual scaffolding yielded a single circular plasmid and a circular chromosome. The assembled genome as well as the plasmid sequence was annotated using the Prokka (version 1.11) software tool ([@B59], [@B60]).

Generation of ID40 Tn library. {#s4.3}
------------------------------

The ID40 Tn mutant library was generated as described previously ([@B55], [@B61]) with some modifications. The donor strain E. coli SM10 λ *pir* containing pBT20 was grown in LB containing 15 μg/ml gentamicin (Gm), and recipient strain ID40 was grown in LB. Cell suspensions of both strains were adjusted to an optical density at 600 nm (OD~600~) of 2.0 and mixed, and droplets of 100 μl were spotted onto prewarmed LB agar plates. After incubation at 37°C for 3 h, the mating mixtures were scraped off the plate and resuspended in 12 ml LB. Aliquots of 100 μl were plated onto 100 LB agar plates containing 25 μg/ml irgasan and 75 μg/ml Gm. After overnight growth at 37°C, all colonies (approximately 5,000 per plate) were scraped off the LB agar, resuspended, and washed once in LB. To eliminate satellite colonies, 1 liter of LB containing 75 μg/ml Gm was inoculated with the suspension to an OD~600~ of 0.1 and grown to an OD~600~ of 1.2. The bacteria were washed once and adjusted to an OD~600~ of 22 in LB containing 20% glycerol, and finally, aliquots of 1 ml were frozen at −80°C.

Tn library antibiotic exposure. {#s4.4}
-------------------------------

One aliquot of the Tn library was centrifuged, resuspended in LB, and grown in 100 ml LB overnight. The overnight cultures were diluted 1:100 into 100 ml LB with or without 8 μg/ml FEP or 2 μg/ml MEM and grown at 37°C. After 24 h, the cultures were diluted 1:100 into fresh LB and grown for another 24 h at 37°C to enrich the viable bacteria.

Library preparation for TraDIS. {#s4.5}
-------------------------------

Genomic DNA of 5 × 10^9^ bacteria per sample was isolated using a DNeasy UltraClean microbial kit (Qiagen).

Two micrograms of DNA per sample was sheared into fragments of 300 bp with an M220 Focused-Ultrasonicator (Covaris), and a cleanup was conducted with a 1.5-fold volume of Agencourt AMPure XP beads (Beckman Coulter). End repair, A tailing, and adapter ligation were done using an NEBNext Ultra II DNA library preparation kit for Illumina (NEB). A splinkerette and the P7 indexed primer were used as adapters, leading to the enrichment of Tn-containing fragments in the PCR ([@B62][@B63][@B64]). Fragments were size selected using Agencourt AMPure beads and amplified by PCR with one Tn-specific primer and one index primer (Illumina) in 20 cycles using Kapa HiFi HotStart ReadyMix (Kapa Biosystems). The proper size distribution and quality of the samples were assessed with an Agilent DNA high-sensitivity kit on a 2100 bioanalyzer (Agilent Technologies). After a final cleanup, the concentration of total fragments and of Tn-containing fragments was measured by quantitative PCR (qPCR) using a Kapa SYBR Fast qPCR master mix (2×) kit (Kapa Biosystems) with one P5-specific primer and one P7-specific primer or one Tn-specific primer and one P7-specific primer, respectively.

Sequencing. {#s4.6}
-----------

Samples were adjusted to 4 nM in resuspension buffer (Illumina), pooled, and denatured with 0.2 N NaOH. Subsequently, the library was diluted to 8 pM in hybridization buffer (Illumina) and sequenced with a MiSeq reagent kit (version 2; 50 cycles) on a MiSeq sequencer (Illumina) with a bacteriophage phiX (Illumina) spike in of 5% and dark cycles ([@B62]).

TraDIS data analysis. {#s4.7}
---------------------

Sequencing reads containing the Tn tag were mapped against the ID40 reference genome, using the Bio::TraDIS pipeline ([@B62]), in order to determine the locations and numbers of Tn insertions. For each gene, an insertion index was calculated by dividing the number of insertions in a gene by the total gene length. The bimodal distribution of insertion indices allows the determination between essential and nonessential genes, as recently described ([@B15], [@B65]). Genes that fulfilled the cutoff criterion of an insertion index of \<0.0019 for essential genes or an insertion index of \>0.0026 for nonessential genes were categorized in these groups. All other genes were considered ambiguous (Data Set S2).

Statistical analysis was performed using DESeq2 software (<https://bioconductor.org>) ([@B66]). Differential gene expression analysis was performed for group comparisons of MEM versus the control and FEP versus the control. Genes were categorized as differentially enriched or depleted if the adjusted *P* value was \<0.05.

Generation of in-frame deletion mutants. {#s4.8}
----------------------------------------

In-frame deletion mutants were generated using the suicide plasmid pEXG2 ([@B67]) as described by Klein et al. ([@B68]). The primers used in this study are listed in Table S3.

Generation of complementation constructs. {#s4.9}
-----------------------------------------

For complementation of the *ctpA*, *mepM1*, *mltG*, and *ygfB* mutant strains, the coding sequences were amplified by PCR from genomic DNA of ID40 and were assembled with the plasmid pJM220 (pUC18T-miniTn7T-gm-rhaSR-PrhaBAD) ([@B69]) by Gibson cloning. The constructed plasmids were transformed into E. coli SM10 λ *pir* and mobilized by conjugation into the mutant strains as described previously ([@B70]), with some modifications. A triparental mating was conducted by combining the recipient strain together with the mini-Tn*7*T-harboring SM10 λ *pir* strain and SM10 λ *pir*/pTNS3 harboring a Tn*7* transposase. Insertion of the mini-Tn*7*T construct into the *att*Tn*7* site was monitored by PCR. Excision of the pJM220 backbone containing the Gm resistance cassette was performed by expressing Flp recombinase from a conjugative plasmid, pFLP2. Finally, sucrose-resistant but Gm- and carbenicillin-sensitive colonies were verified by PCR.

RNA isolation and qRT-PCR. {#s4.10}
--------------------------

RNA isolation and quantitative reverse transcription-PCR (qRT-PCR) were performed as previously described ([@B68]).

β-Lactamase activity assay. {#s4.11}
---------------------------

A β-lactamase colorimetric activity assay (BioVision) based on nitrocefin turnover was performed according to the manufacturers' instructions after dissolving the bacteria in 5-μl/mg β-lactamase assay buffer and diluting the supernatant of the sonified bacteria 1:50 in β-lactamase assay buffer.

Antibiotic susceptibility testing. {#s4.12}
----------------------------------

For antibiotic susceptibility testing by broth microdilution, bacterial strains were grown overnight at 37°C in LB medium with or without 0.1% rhamnose. Physiological NaCl solution was inoculated to a McFarland standard of 0.5, and subsequently, 62.5 μl of the suspension was transferred into 15 ml Mueller-Hinton broth (with 0.1% rhamnose for the complemented strains) and mixed well. According to the manufacturer's instructions, 50 to 100 μl of the suspension was transferred into each well of a broth microdilution microtiter plate (a Micronaut-S MHK Pseudomonas-2 \[catalog number E1-099-100\] or a Micronaut-S β-Lactamases \[catalog number E1-111-040\] plate \[Merlin Diagnostika\] or a Sensititre GN2F or Sensititre EUX2NF plate \[Thermo Fisher Scientific\]). The microtiter plates were incubated for 18 h at 37°C, and the OD~600~ was measured using a Tecan Infinite 200 Pro plate reader. Bacterial strains were considered sensitive to the respective antibiotic concentration if an OD~600~ value below 0.05 was measured.

Etests (Liofilchem) were conducted as previously described ([@B68]).

Statistics. {#s4.13}
-----------

Statistics were performed using GraphPad Prism (version 7.04) software, as described for each experiment in the table or figure legends.

Data availability. {#s4.14}
------------------

The whole genome and the plasmid sequences were annotated and submitted to the European Nucleotide Archive (ENA) (accession number [PRJEB32702](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB32702)). Similarly, all TraDIS sequence data were uploaded to ENA (accession number [PRJEB32702](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB32702)). A more detailed description of the files is provided in Table S4.
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